Secular variation (SV) of the Earth's magnetic field has been represented by the nonlongitudinal drift (rotation about an arbitrarily oriented axis) and the amplitude change of the individual n th-degree harmonics. The best-fitting parameters have been obtained numerically for the separate harmonics of three field models at epoch 1968.0, and of one model at 1980.0. Formal error analysis showed that the effects of most of the rotations exceeded uncertainty levels due to the errors in the field model coefficients. Most of the well-determined rotations were non-longitudinal drifts with a predominant westward component. At 1968.0, rotation of about -0.23"yr-' about an axis inclined at less than 25" to the equator accounted for about 80 per cent of the SV of the second harmonic. For the fourth harmonic, about 60 per cent of its SV was due to the rotation of -0.12"yr-' about an axis inclined at about 44" to the equator. The results for 1980.0 were different: the rotation became most important for the fourth harmonic, accounting for 65 per cent of its SV, with the axis practically unchanged, but the rate doubled to -0.25" yr-'. The axis for the second harmonic changed its inclination to 66", drift rate rose to -0.27" yr-' and the contribution of rotation decreased to about 55 per cent. Rotation of -0.14" yr-' about an axis inclined 43" to the equator became significant for the third harmonic, contributing to over 60 per cent of its SV. The results for the l l t h and 12th harmonics were distinctive. For POGO (02/72) model at 1968.0, they rotated with high velocities of 1.43" and 2.Wyr-' about axes inclined at 38" and 58" to the equator; the rotation had a predominant eastward component. For GSFC (9/80) model, the l l t h harmonic rotated almost westwardly with the rate increasing from -0.19" yr-' at 1968.0 to -0.34" yr-I at 1980.0; the results for the 12th harmonic were below the error level. The substantial changes in the secular variation of the lower harmonics and the distinctive behaviour of the highest harmonics of the POGO model are interpreted as an effect of the late-1960s' geomagnetic jerk-rapid change of the secular acceleration of the field. Present results, as well as geometry of the jerk,, suggest that it can be roughly visualized as an anticlockwise rotational impulse in the field about a pole lying south of western Europe.
I N T R O D U C T I O N
Rotation of the Earth's magnetic field is one of the most distinctive features of its observed secular variation. Usually, a longitudinal (westward) drift is assumed (e.g. Bullard et al. 1950; Yukutake 1962) corresponding to the field rotation about the geographical axis. Recently, several attempts have been made to determine a non-longitudinal drift of the field, defined as its rotation about an arbitrarily oriented axis (Zolotov 1967; James 1970b; Malin & Saunders 1973; Ostrowski 1976) . The results of these attempts suggest that a non-longitudinal drift of the field describes the observed secular variation better than pure westward drift does. However, the parameters of the drift-the rate of rotation and the position of the axis-are * Present address: Horler Information Inc., 704-116 Albert Str., Ottawa, Ontario, Canada KIP 5G3.
widely scattered. The scatter is partly due to the different methods and field models used, but it also may confirm the opinion of Lowes (1974) that the determination of the drift parameters is very poor and that their values are very sensitive to inaccuracies in the data, the spherical harmonic coefficients of the main field and its secular variation.
Because of the importance of the magnetic field rotation to an understanding of the processes within the Earth's core and because of improved quality of recent spherical harmonic representations of the geomagnetic field, it seems worthwhile to investigate further the phenomenon of the non-longitudinal drift. Here, a new method is proposed for determining the parameters of the rotation of the geomagnetic field. The method is based on the technique of transformation of spherical harmonics under the rotation of the reference frame (Winch & James 1973 ) and consists of two steps. In the first step the forward problem is solved-an analytical expression of the coefficients of the rotated field in terms of the original coefficients and of the three parameters of rotation (two coordinates of the axis pole and the rate of rotation about the axis). In the second step the inverse problem is solved numerically, giving the parameters of rotation best fitting, in the least-squares sense, the observed secular variation; before fitting, the effects of the field amplitude changes are removed.
It is known (e.g. Yukutake & Tachinaka 1969) that the westward drift is non-uniform, i.e. different harmonics of the field rotate with different velocities. To find out the possible non-uniformity of the non-longitudinal drift, the present method is applied not only to the total, non-dipole and non-quadrupole fields, but also to the fields of the individual harmonics.
In view of the diversity of the previous results and of the Lowes' critique, it is necessary to assess the reliability of the present method. Formal error analysis is carried out, enabling comparison of the effects of the field rotation with the uncertainty level due to the errors in the spherical harmonic coefficients of field models. Next, drift parameters are determined from the (low degree) field models used in earlier analyses and the results thus obtained are compared with the original ones. The computations are finally made with various field models for the same epoch to analyse the effects of the differences between field models on the drift parameters.
After (hopefully) establishing the validity of the results, the method is applied to the recent high-degree field models to study non-uniformities of the rotations of different harmonics. Comparison of the results obtained for the epochs 1968.0 and 1980.0 demonstrates also the time variations in drift parameters, associated here with the effects of the late-1960s' geomagnetic jerk.
YF(6, +) are defined by

TRANSFORMATION OF SPHERICAL HARMONICS U N D E R ROTATION OF THE REFERENCE FRAME
The scalar potential V(r, T ) of the geomagnetic field at a point r on the spherical Earth's surface and at an epoch T can be expanded in the spherical harmonic series
V(r, T ) = a 5 5 c:(T)Y:(e, 9).
(1) n = l m = -n Here a denotes the mean radius of the Earth, @ and 0 are spherical polar coordinates of the point (east longitude and co-latitude, respectively), Y r ( 0, @) are complex spherical harmonics of degree n and order m. The 
The rotational transformation of a set of Cartesian axes x , y and z into a new set 2, j' and f with the same origin is most commonly defined in terms of Eulerian angles a, p and y (e.g. Rose 1957, p. 48; Slater 1960, p. 333). As shown in Fig. 1 , the initial set is first rotated through an angle a about the z-axis, the new set is rotated through an angle B about its y-axis, and the resultant set is rotated through an angle y about its z-axis to give the desired set 2, j' and f . The Eulerian rotations are denoted here as (a, /?, y).
The transformation from the Cartesian system x , y and z to f, and f on the Earth's surface is equivalent to the transformation from the spherical system (0, +) to (6, 4).
Since the spherical harmonics Y r depend on 0 and + (equation 3), their form also changes. In the new system they are given by linear combinations of old harmonics of the same degree (Slater 1960; Winch & James 1973) n F:(6,4) = C yf(0, @PGrn(a, P I Y). 
where dGm(/3) is a linear combination of products of powers of sin (/3/2) and cos (p/2). It is rather difficult to evaluate numerically; therefore, instead of using the explicit formula, a recurrence approach was adopted in the present computations. Winch & James (1973, p. 113) give three formulae for computing elements of the matrix d"(P). It can be seen, however, that it is sufficient to use only one of them, namely:
starting from d&(/3) = 1. Due to symmetry relations
it is necessary to compute only slightly more than a quarter of all elements of dn(/?).
The rotation of a reference frame may also be described in a different, more natural way-by specifying the position (Oa, @J of the pole of rotation on the Earth's surface and the angle d of rotation about the pole. To use the 'natural' representation, denoted here as [0,, + a ; d], in computations it is necessary to express it analytically. This can be done by noting that [0,, @ a ; d] is equivalent to three separate Euler 
TRANSFORMATION OF GEOMAGNETIC FIELD COEFFICIENTS U N D E R THE ROTATION OF THE FIELD
In the previous section the transformation of spherical harmonics under rotation of the reference frame has been described. Here, the formulae describing transformation of the coefficients G r under the rotation of the geomagnetic field will be derived.
Suppose that between epochs TI and T2 the geomagnetic field has undergone a rotation [O,, $,;A]. At the epoch T2 its potential at the Earth's surface is given by
Let the reference frame be rotated in exactly the same manner. This cancels out the effect of the rotation of the field, so the field coefficients in the new frame at the epoch T2 are the same as the coefficients in the old frame at the epoch Tl. Hence, the field potential V' in the new frame at the epoch T2 is given by The value of the geomagnetic field potential at a point Q at the Earth's surface does not depend on the reference frame used. Hence
where rQ and rb denote the position vector of the point Q in the old and new coordinates, respectively.
Expressing the potentials V and V ' according to equations (10) and (11) and making use of (8) 
From orthogonality of Y," (equation 4) it follows that for (12) to hold at any point Q it is necessary for the coefficients of the YF to be equal. Hence, n G%2) = c G!mIY"ML(4,9 Om A) Bernard et al. (1969) give an expression similar to (13) but their results describe the transformation of Gaussian coefficients g z and h z under a single Eulerian rotation (a, / 3, y ) of a reference frame.
A METHOD FOR DETERMINING THE FIELD ROTATION FROM THE OBSERVED SECULAR VARIATION
In the previous section the forward problem has been solved-an analytical description of the change of the coefficients G r under the rotation of the geomagnetic field.
Here, an inverse problem will be formulated, namely, determination of the rotation of the field from its observed secular variation.
The actual variation of the field is very complex. The field may rotate and change amplitude as a whole, its various features may move separately and change their shape and amplitude as well. Therefore it is impossible to describe the observed secular variation exactly by a relatively simple model of a uniform rotation. However, it is possible to look for an 'optimal' rotation which would minimize some measure of a difference between the observed secular variation and the variation due to rotation [O,, Cp,; A].
The choice of the quantity to be minimized is very important (Lowes 1974) . Should one minimize the difference between the potentials, scalar field intensities or field components (say Z)? Should the minimization be done at the surface of the Earth or at the core; for total-field, non-dipole field or individual harmonics? Various choices gave different results for westward drift (e.g. Harwood & Malin 1976) ; similar effects can be expected for nonlongitudinal drifts.
Since the nature of the drift is so far not fully understood, the author's opinion is that one should remain as close to the observations as possible. Computations should be done at the Earth's surface, since extrapolation to the core enhances higher-degree harmonics with larger relative errors. The observed quantity, vector field, is preferred over the potential which is a derived, non-measurable quantity. The whole vector should be used, since the level of errors and crustal noise vary between components; also, the use of individual components is equivalent to uneven weighting of data from different regions of the Earth. A scalar function (of the vector field at the Earth's surface) to be minimized should be non-negative and equal to zero only for a vanishing field. The power of a vector field, defined as its mean square value over the surface of a sphere, seems to satisfy these requirements.
For the geomagnetic vector field B(8, @, T ) at the Earth's surface, given by
with V taken from equation (l), the power P ( T ) is defined as 1 2n Jr
0
Evaluation of the integral according to Lowes (1966) and taking into account equation (2) gives 
by virtue of (13).
Parameters [O,, 4, ; A] minimizing P as given by (18) describe the 'optimal' rotation of the total field. By analogy with the westward drift, one could expect that various features of the field rotate with different velocities and, possibly, about different axes. However, one cannot look for the rotations of the individual nth-degree and mth-order harmonics, since the non-longitudinal drift causes the energy to be transferred between coefficients of different orders but of the same degree n (equation 1 3 b o n t r a r y to the westward drift, where the power of every individual harmonic is preserved. On the other hand, the power of a whole nth-degree harmonic is preserved during the non-longitudinal rotation (McLeod 1980) . Therefore the smallest spectral entity whose rotation can be determined is a harmonic of degree n, with its potential given by
M=--n on the Earth's surface. (From now on the term 'a harmonic' will denote the function defined by (20)). The power P, of the nth-degree harmonic is given by equation (16) without the summation over n. The powers P, of the main field (16) do not change under rotation of the field; their observed changes are due mainly to the amplitude changes, the growth or decay of the field. As James (1970b) proved, the rotation and amplitude change of the field are distinct both physically and mathematically, and therefore it could be possible to determine the drift parameters alone. However, this would leave a deterministic contribution of an amplitude change in the residual field, affecting the convergence of an iterative method used to determine the parameters of rotation. Indeed, numerical tests had shown that much faster convergence was obtained to virtually identical solutions when the effects of the amplitude change of individual harmonics had been removed from the observed SV field prior to the fitting of the drift parameters. To achieve that, the powers P, of the observed nth-degree harmonic were computed for epochs TI and Tz and then the square root of their ratio was used to adjust the coefficients of the observed main field G;nL(Tl) = cn(T1, Tz)GnL(Tl).
Gk(T1).
Later the adjusted coefficients Gk(Tl) were used instead of (18), (19), (22), (9) and (6) into n P,(T,, T~; e,, A)
Here, the last term has been modified by means of the relation (Winch & James 1973) for the sake of the computational efficiency.
The rotations of the total field, non-dipole field and non-quadrupole field can be determined from the sums of Pns with n 2 1, n 2 2 and n 2 3, respectively.
In analysing results of computations, it is necessary to compare solutions for different harmonics and between various field models. If the power of the residual field difference were used (equation 23), it would be difficult to make the comparisons because of the differences in powers of the individual harmonics and between field models. Therefore the dimensionless relative residual power p was introduced, defined by Here P,,, denotes the power of the residual field difference and Pobs denotes the power of the observed field difference between epochs and q. Let p(A) and p ( A + 0) denote the relative residual power after removing the effects of the field amplitude change only (A), and both the amplitude change and the field drift ( A + 0). Then denotes the part of the relative power of the observed field difference between epochs T2 and T, due to the field amplitude change, and denotes the part due to the field drift. The residual relative power corresponds to the field change between TI and which cannot be described by the model of the uniform field rotation and amplitude change. All three relative powers can be computed either for the individual nth-degree harmonics or for the compound (total, non-dipole or non-quadrupole) fields.
NUMERICAL SOLUTION OF THE INVERSE PROBLEM
To find the parameters of the best fitting rotation, the IMSL Library subroutine ZXSSQ was used (IMSL 1979) . It minimizes a sum of squares of k* non-linear functions (i.e. sum of P,s) by means of a modified (Brown & Dennis 1972) , derivative-free analogue of the iterative LevenbergMarquardt method (Marquardt 1963) . In every iteration the method interpolates between the steps of the steepest descent and Gauss-Newton methods. Therefore, it is stable far from the solution, like the steepest descent method, and converges rapidly in the vicinity of the solution, like the Gauss-Newton method. Subroutine ZXSSQ provides three convergence criteria, but only two of them were used. The iterations were terminated when the number of identical digits in each of the estimated parameters was not smaller than a given number NSIG, or when the relative decrease of the minimized function on two successive iterations was not greater than a given number EPS.
The computations started from nine poles of rotation distributed uniformly over the northern hemisphere and having different drift rates; usually, several local minima were found. The computations were repeated several times, with the results of the previous step used as new starting points in the subsequent step. In each step the results with greatest residuals and showing no improvement were discarded. The convergence criteria became more restrictive in each step. For the final computations NSIG=7 and EPS = lop9 were used; in most cases the second criterion terminated iteration.
The last point was accepted as a solution when two successive steps with the final convergence criteria gave very close results or when it was impossible to reduce residuals within 250 evaluations of the minimized function, with seven evaluations needed for each new point tried as a solution.
At times, different field models gave significantly different results for the same harmonic. Additional cross-checking computations were then made with the differing solutions used as starting points for each of the models. In all cases the results were close to the original solution for the given model.
The first harmonic was treated differently. As James (1970b) proved formally, the rotation of the first harmonic cannot be determined uniquely: there are infinitely many solutions satisfying the relevant equation. This has a simple 'geometrical interpretation since, apart from its intensity, the field of the first harmonic (central dipole field) is fully described by the position of its pole. Suppose the field rotation moved the pole from the point Q , to Q2. These two points uniquely determine a great circle that contains both of them and also the mean position of the pole, Q,. There exists only one great circle that is perpendicular to the first one and contains Qm. Now, for any axis of rotation lying in the plane of the second circle, there is a corresponding angle of rotation moving the pole from Q , to Q 2 . The maximum angle of rotation, 180°, corresponds to the axis passing through Q,; the minimum angle, Amin, corresponds to the axis perpendicular to the first great circle. This 'minimum' solution is given as a final result to enable comparisons between different field models; it should be understood, however, that it is not a true rotation of the field of the first harmonic.
* For individual harmonics k = 1; for the total, non-dipole and non-quadrupole fields k > 1 and depends on the maximum degree of the field model used. In the discussion of results the positions (On, C p , ) of northern poles of rotation are given. The movement of the field that is clockwise when viewed from above these poles corresponds to a negative rotation A,. This movement has a westward component at most places on the Earth. However, for non-zero On, there are two symmetrical areas where the movement has an eastward component. The first area lies between the north geographical pole and the northern pole of rotation (On, @, )
N E R R O R ANALYSIS
; the second between the south geographical pole and the southern pole of rotation (180'-On, @, + 180"). It can be shown that the northern area of an eastward field movement is encircled by the boundary given by the equation where (06, @b) are spherical coordinates of a boundary point. Figure 2 shows the northern area of an eastward field movement for negative A, and for 6, equal to 60"; for On equal to 90" the area covers the half of the northern hemisphere. At the boundary points the field movement is purely meridional (northward for Cp -Cp,, < O", southward for @ -Cp, > 0"); at the central meridian (@ = C p , ) the field movement is purely eastward. For a positive A, (mostly eastward rotation) all directions have to be changed to the opposite sense in the preceding discussion.
The eastward drift resulting from a non-longitudinal rotation of the field could explain counterclockwise precession of virtual geomagnetic poles (VGPs) observed in some paleomagnetic results. This explanation would be an alternative to that of Dodson (1979) who attributed the eastward precession of VGPs to the westward drift of a weak but suitably located eccentric dipole.
Formal error analysis is presented in this section to determine whether the effects of field rotation and amplitude change exceed the uncertainty due to the errors in the spherical harmonic coefficients of the field models. For simplicity the analysis is done for the real coefficients g: and h y ; the results are the same as for the complex coefficients C; because of equations (2) and (16). The standard deviations of coefficients of the GSFC (9/80) field model (Langel et al. 1982) are used. The model, discussed in more detail later, includes time terms up to the third order for the lowest harmonics.
Let c(') denote a given ith order time-derivative of a geomagnetic field coefficient g r or h r at an epoch I;, with corresponding to the coefficient itself, and let u, denote the standard deviation of the ith derivative, also given. The value of a coefficient c at an epoch T is given by (Langel et al. 1982, p. 328) , where AT = T -To. The variance ( u~, )~ is sought of the difference
Combining (28) and (29) gives
The variance of Ac is therefore given by
Equation (31) was derived under the assumption that the time-derivatives di) are independent, i.e. their covariances are zero. This may be not exactly true, but it is impossible to estimate covariances without referring to the actual derivations of the coefficients. The variances ( u~, )~ of differences between individual field coefficients c (i.e. g," or h,") are next used to determine the relative variances of powers P, of the observed field difference between epochs and T, according to expressions given e.g. by Young (1962, p. 99) . After suitable substitutions the relative variances are given by (32) where U A g and ( J & are calculated according to equation (31). Again, the independence of errors of the coefficients was assumed in deriving (32).
The relative standard deviations up, can be compared directly with the relative powers (25) and (26). The cut-off level for the observed relative power was set here at three times the corresponding relative standard deviation, to compensate for the possible under-estimation of the standard errors of coefficients (Langel el al. 1982, p. 337 ). to be confirmed in some other way. Also, fairly complex programs had to be tested. The first step was to perfom computations for simulated data-expanded and rotated fields. Both amplitude change and rotation were recovered exactly, with the power of the residual field being of order of 10-16nT2; this quantity shows the effects of computational errors.
The next step consisted in the analysis of the previous methods and in the comparisons of their results with solutions obtained here for the same data.
Two of the methods (Zolotov 1967; Ostrowski 1976 ) determined the drift parameters by minimizing the residual secular variation avaa avae
where w is the vector of angular velocity of the field rotation and, for the consistency with the discussed papers, A is used here for the geographic longitude. The partial derivatives aA/dt and a%/dt were expressed in terms of the following components of w : ml, projection on the Earth's spin axis; w2, projection of w on the equatorial plane; @, eastward angle between the zero meridian and w2. After substitution both papers arrived at
However, it can be shown that the term
should instead read
The expression (33) could be obtained from (34) by two power series expansions under the assumptions that the arguments of the sin and tan-' are small. However, the second assumption is not valid near the geographical poles for finite dt used in practical computations, because of the cot 9 term. Therefore the results of these papers are not exactly correct, although the discrepancy is not great. The poles of rotation obtained by Ostrowski (1976) for the total and non-dipole fields are off, along a great circle arc, by 2.1" and 15.3", respectively, and the drift velocities differ by about 0.02"yr-' from the results obtained by the present method for the same field model. James (1970b) separated secular variation field into drifting and growingtdecaying parts. His method differs from the present one in using a numerical (recurrence). approach to the forward problem and in solving the inverse problem analytically. James' equation (3) expresses an rnth order coefficient of the rotated field as a linear combination of coefficients of orders m -1, rn and rn + 1 only, as opposed to the present exact formulation of equation (13). This neglecting of some coefficients may distort the results, particularly for axes of rotation far removed from the Earth's geographical axis. Table 1 shows the drift parameters [On, 9, ; in] and growthldecay time constants t , obtained by James and by the present method for the individual harmonics of the same field model, denoted here as LME (Leaton et al. 1965) , for epoch 1965.0. James' results are transformed to the notation adopted here; they were used as starting points for the present method. The rate of rotation A, is obtained by dividing the angle of field rotation A, between the epochs Tl and T2 by the difference & -T,, one year in this case.
Under the assumption of an exponential change of the field amplitude between epochs TI and T, the time constant t , relates to the coefficient c, (equation 21) by t,=(T2-Tl)/lnc,. 
P-LHE P-BHLH 
Note: J d e n o t e s t h e James' method. P d e n o t e s t h e p r t t s e n t method
method for the BHLM model (Barraclough et al. 1978) recalculated to the epoch 1968.0. The difference between epoch-three y e a r e h a s no appreciable effect on the results, because of the linearity of the SV terms of the BHLM model.
The results of both methods for the LME model agree very well, except for the position of the pole for the sixth harmonic. However, both methods show that the fit is very poor for this harmonic (residual relative power p , ( R ) is close to unity) and that its rotation has no physical importance. The agreement between results for different models is also good. The greatest differences occur for the third and the sixth harmonics and for t4. The fit is poor for the third harmonic of both models and its drift is insignificant. However, the fit for the sixth harmonic of the BHLM model is good and therefore it was concluded that the difference reflects a discrepancy between models. The LME model is a predictive one and is derived from the pre-1965 surface, sea and airborne data, whereas the BHLM model uses all available data from period 1955-74, including the satellite (POGO) total intensity measurements; it compares very well with other recent models for the epoch 1965 (Ostrowski 1982a) . Therefore it seems that the differences result from inaccuracies in the LME model. Malin & Saunders (1973) and Harwood & Malin (1976) determined the parameters of the field rotation using a systematic search technique to maximize the coefficient of correlation k between the non-dipole (ND) parts of the rotated field from an earlier epoch and the observed field at a later epoch. For the field model of Malin & Clark (1974) To complete the comparison, the coefficient of correlation k was computed according to the definition of Hide & Malin (1970, equation Bl) . For the MS solution kND=0.999714 and for the present (modified) solution k, , = 0.999760. Thus it has to be concluded that in any case the present method gives a slightly better fit than the MS method. The most plausible reason for this is that Malin & Saunders used the same algorithm for rotating speherical harmonics (James 1970a) as James (1970b) did in his already discussed paper-with the same possibility of inaccuracies.
The discussion of the present section demonstrates that the proposed method is able to determine reliably the parameters of the geomagnetic field rotation. The close agreement between the results of the two different methods for the LME model as well as between the results of the present method for the two different field models suggests that the drift parameters are well determined. It should also be noted that the present solutions for the second harmonic generally agree with independent determinations of the drift parameters of the eccentric dipole (quadrupole). For 37 post-1900 field models Knapp (1980) 
DATA AND RESULTS
In the two previous sections the cut-off error levels have been determined and the reliability of the results have been established in a few independent ways. In the present section the results for the different high-degree field models are presented.
Two field models of maximum degree/order 13 were chosen for analysis: POGO (02/72) model (Langel et al. 1980 ) and GSFC (9/80) model (Langel et al. 1982) . The POGO model is derived from the total intensity satellite data acquired between late 1965 and late 1969 (Langel 1974) ; it compares well with upward-continued aeromagnetic data over western Canada and the poiar region. The GSFC model is based on data from magnetic observatories, repeat stations, marine surveys, POGO and MAGSAT total intensity measurements and vector MAGSAT measurements; the data cover the period 1960-80. In deriving the GSFC model a new technique was used, estimating the local anomalies at the observatory sites; this significantly improved the fit to the observatory as well as to the satellite data.
Both models include linear time terms through to n = 13, but the GSFC model includes also quadratic time terms through n = 6 and cubic time terms through n = 4. To obtain the drift parameters at the epoch T the main field (MF) coefficients synthesized at the epochs T + 0.5 yr and T -0.5yr were compared. For the GSFC model their difference was also used as an estimate of the SV field at the epoch T.
The computations were carried out for both models at 1968.0 and for the GSFC model at 1980.0. Table 2 The plots of p n show that the amplitude change gives the most significant contribution to the SV of the first harmonic, accounting for about 85 per cent of its variation at both epochs. Comparison of results for the two epochs suggests slight slowing of the rate of decay. Large effects of amplitude change can also be seen for the 11th harmonic of the GSFC model at 1968 and for its 2nd, 7th, 12th and 13th harmonics at 1980. The amplitude change accounts for 25-45 per cent of the observed SV power of these harmonics; in all other cases its effects are either less than 20 per cent or below the error level. The close agreement between the time constants (including results for the BHLM model from Table 1 ) suggests however that the field growth/decay, although small, may also be significant for the 4th, 5th, 6th and 7th harmonics at 1968. Time constants for the highest-degree (n 2 8) harmonics with significant amplitude change are less than 100yr in all cases; this indicates that the corresponding fields change rapidly.
The effects of the field rotation are different for different harmonics. For further discussion, only the harmonics with their p , ( D ) exceeding the error level were chosen. Table 3 shows their drift rates; it also includes the results for the BHLM model, for which the error levels of the GSFC model at 1968.0 were used. Figure 6 shows the corresponding positions of the northern poles of rotation. It should be noted that significant rotations have been obtained for 37 out of 47 harmonics in the table; in particular, all harmonics up to the seventh degree show significant rotations. The poles, although widely scattered, tend to group near the meridonal plane 20"E-20OoE and most of them lie in the first and in the third quadrant. Almost all rotations are negative, that is with a predominant westward component. Only two high-degree POGO harmonics show a dominant eastward rotation and they will be discussed later.
The secular variation of the first harmonic is fully explained by its change of amplitude and uniform rotation, with rotation accounting for about 15 per cent of the total SV. The true position of the pole and the corresponding rate of rotation cannot be determined uniquely and therefore the Notes: 1. Underlined values eorrospond to p (D) g r e e t e r than 0.50.
. For n = 1 a 'minimum' rate is Elvan
'minimum' solutions are given. However, the results for the total field, in which the first harmonic dominates, strongly suggest that the true pole of 'rotation is close to the geographical pole with the corresponding drift rate between 0.10" and 0.15"yr-l. Since in any case the great circle of the possible pole positions does not pass through the geographical pole, the rotation of the first harmonic always has a non-longitudinal component. The results for the two epochs suggest slowing of rotation at 1980. The fit for the second harmonic is also very good and all solutions for 1968 are close. At this epoch more than 80 per cent of the secular variation is caused by the strongly non-longitudinal rotation of about 0.23" yr-'; the angle between the geographical axis and the axis of rotation is as large as 70". The pole for 1980 is much closer to the geographical pole, the drift rate is higher and the fit is a little worse. All this, together with the decrease in t2, indicates an important change in the secular variation of the second harmonic between 1968 and 1980.
The fit for the third harmonic is much poorer at 1968 and all solutions are rather scattered, with the POGO result differing most. The drift rate, low at 1968, increases at 1980; there is also large change in the pole position and clear improvement of fit. All this indicates an important change in the secular variation of the third harmonic between the two epochs. T h i s is confirmed by the new DGRF/IGRF models, where the change in the SV amplitude between intervals 1965-70 and 1975-80 is the largest for the third harmonic, amounting to 11.3 nT yr-' (Ostrowski 1982b) .
Rotation accounts for 50-65 per cent of the SV of the fourth harmonic. The poles are close for both epochs but there is more than twofold increase in the drift rate at 1980. Again, the drift rate for the POGO model at 1968 seems to be too low.
The fit for the fifth harmonic is poorer, but the pole positions agree very well for both epochs. The drift rate for the POGO model is much higher than the other two values for 1968 and therefore there is no clear indication of the increase in the rate at 1980.
The fit for the sixth harmonic is slightly better and the poles at 1968 are close. However, there is a large discrepancy in drift rates, with the POGO model giving the smallest value. The pole at 1980 moved slightly but there was no clear change in the drift rate. This is the first harmonic with its pole of rotation relatively close (at 1968) to the geographical pole.
The seventh harmonic is the last one with significant rotations for all four models. However, the result for the POGO model differs considerably, particularly in the drift rate. The remaining poles are fairly close, but the drift rates at 1968.0 differ by a factor of two. Since the GSFC model has only linear time terms for n > 6 , there are no large changes in the drift parameters between the two epochs.
The POGO solution for the eighth harmonic is below the error level. The other three results agree well in the drift rate and fairly well in the pole position.
For the ninth harmonic only the GSFC model gives significant results. However, with the POGO solution just below the error level, it is interesting to note that its pole is close to the two other poles (slightly above the pole for its sixth harmonic) but the drift rate is very high, almost -0.8" yr-'.
There are no significant rotations for the 10th harmonic. For the 11th harmonic, on the contrary, all three high-degree models show them. The solution for the. POGO model is very distinctive, having positive drift rate (rotation with an eastward component) exceeding 1.4" yr-'. The last significant rotation, for the 12th harmonic of the POGO model, has the same character: very fast eastward rotation with relatively good fit. It is interesting to note that the rotation of the 13th harmonic of the POGO model, although below the error level, also has the same character. The solutions for the two highest harmonics of the GSFC model, also below the error level, do not show these features; the rotations have westward components and their rates do not exceed -0.25"yr-l.
The results show that there are significant differences in variations of individual harmonics. Therefore the results for the total, non-dipole and non-quadrupole fields should be interpreted with caution. The present results as well as the analysis of the new DGRF/IGRF models (Ostrowski 1982b , Fig. 1 ) suggest that the behaviour of these fields represents mostly the effect of the lowest-degree harmonics included in them.
DISCUSSION
The results presented in the previous section show a very distinctive behaviour of the POGO model at 1968. Its drift rates lie outside the values for the other two models for all harmonics up to n = 8 and often the difference is large. For the higher-degree harmonics the POGO drift rates are much larger than the corresponding GSFC values; moreover, the
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+"- three highest harmonics show a predominantly eastward rotation.
To analyse further these discrepancies the search has been made for other field models of degree/order 13 for the interval 1965-70. Unfortunately, there are no independent (i.e. based on different sets of data) main field and secular variation models satisfying these requirements. There is, however, an SV model that can be used for comparison. as satellite data, values of F from the POGO (6/71) model at 1967.5 were taken. Thus, the HKFP secular variation model interpolates between the two models used here: it has the data interval only slightly longer than the POGO model (late 1965-late 1969) , but includes the vector observatory data, as does the GSFC model.
The computations were carried out separately for the POGO and GSFC models at 1968.0 with their SV coefficients replaced by the HKFP time terms. The drift parameters and amplitude change time constants were computed for the three 'well behaved' harmonics with n = 2, 4, 6 and for the three controversial harmonics with n = 11, 12 and 13. Table 4 shows the results, including p , ( D ) ; they can be compared with corresponding values in Table 2 and in Figs 3 and 4. The asterisk means that the corresponding p n ( D ) value was below the error level, taken here to be that of the GSFC model at 1968.0 (see Fig. 4 ). The results for the three low-degree harmonics are all significant and agree very well for both MF models, but they differ slightly from previous values, being closer to the GSFC results. The results for the three higher-degree harmonics are much more scattered; nevertheless, they do reveal some regularities.
Both new solutions for the 11th harmonic are significant. The magnitudes of the drift rates are close to the mean of the previous results. The two new poles and the old GSFC pole lie on a great circle, the old POGO pole being only 7" It is suggested here that the anomalous behaviour of the POGO model and, to less extent, of the HKFP SV model is due to the late-1960s' jerk in the geomagnetic field. The POGO model is derived from data acquired between late 1965 and late 1969 and therefore its SV terms must be influenced by the jerk. The POGO data are included also in the HKFP SV model, but here their influence is weakened by the observatory data starting at 1964. Finally, the POGO data are used in the GSFC model as well, but here the effects of jerk in higher harmonics are probably almost completely smoothed out by the linear SV terms computed for the period 1960-80. On the other hand, generally good agreement between the results for the low-degree harmonics (n 5 4) at 1968 and significant changes at 1980 suggest that the cubic time terms of the GSFC model are able to represent the jerk closely.
The jerk affected all harmonics. For the highest harmonics the global part of the jerk seems to appear as a mostly eastward rotation with the rates exceeding 1.4" yr-'. For the lower-degree ones its effects were observed as significant changes in the drift and amplitude change parameters between the epochs 1968 and 1980. The non-longitudinal drift velocities of the second, third and fourth harmonics at 1968 were lower than the corresponding values at 1980, which was reflected in the lower velocity of the ND field at the earlier epoch (Table 2) . This is consistent with a minimum in the westward drift of the ND field observed by Hodder (1983) in early 1970s.
The geometry of the jerk, as described by Ducruix et al. (1980) , and its generally easterly character observed here could be explained by an anti-clockwise rotational impulse of the field about a pole lying south of western Europe. According to Fig. 2 (with reversed arrows) this would produce a westward impulse in the field in Europe, with its amplitude growing to the north-in agreement with Fig. 6 of Ducruix et al. (1980) . The impulse would have an eastward component over the rest of the globe, except for the symmetric area south of New Zealand, thus contributing to the observed lower drift rates of the low-degree harmonics. In particular, it would produce a negative change in the Y component in East Asia, Alaska and western Canada, but should not be seen in Y in Mongolia and India, where the field movement would be almost parallel to the Y isodynes.
In the new DGRF/IGRF models the greatest differences in the secular variation occur for lower harmonics between the intervals 1970 -75 and 1975 -80 (Ostrowski 1982b . This indicates that the jerk affected the secular variation not only in late 1960s but also in early 1970s. The differences between the SV models for the two intervals reflect the transition from a 'disturbed' to an 'undisturbed' SV between early and late 1970s.
The preceding discussion demonstrated the effects of the drift and amplitude change on the SV of the individual harmonics. It is useful to estimate the importance of these phenomena in the total secular variation. To do this, the absolute SV powers of the individual harmonics have been computed from the relative powers p n and summed over all degrees of a given field model. Table 5 shows the results-the total percentage contribution of the amplitude changes and non-longitudinal rotations of individual harmonics to the power of the observed secular variation. The values differ considerably from the results for the away from the circle. Moreover, the new poles lie half-way between the old GSFC pole and the southern POGO pole (the southern pole has to be used for comparison to preserve the same sense of rotation). All this suggests that the new solutions for the 11th harmonic in a way interpolate between the old ones. The new solutions for the 12th and 13th harmonics, although insignificant, also show these regularities. The distinctive behaviour of the POGO model, particularly for the highest harmonics, could have been attributed to the inaccuracies in the main field and secular variation models. However, the significance of the results at a conservative error level and the regularities discussed above strongly suggest an alternative interpretation. It is well known that in the late 1960s the secular variation underwent a rapid change, which was observed as a 'jerk'-the change of the second time derivative of the main field, i.e. of the secular acceleration. Malin & Hodder (1982) determined internal and external spherical harmonics of the jerk at 1970 up to degree/order 4, using yearly means of X , Y, Z components at 83 observatories from the interval 1961-78. Their results show that the jerk was mostly of internal origin. Also Ducruix et al. (1980) found that the 'SV impulse' was of internal origin, but their results suggested that it occurred about 1967. The impulse had a global character, although it was not uniform: it was observed mostly in the northern hemisphere; its sign (for the Y component) in Europe was opposite to that in East Asia, Alaska and NW Canada; it was not observed in India. uniform changes of the total field (TF), as shown in Figs. 3,  4 and 5. Table 5 shows clearly that the non-longitudinal rotations of the individual harmonics are the most important feature of the recent SV. They accounted for about 45 per cent of the SV at 1968 and for almost 50 per cent at 1980. The contribution from the amplitude changes increased from about 30 per cent at 1968 to almost 40 per cent at 1980. The residual SV was of the order of 25 per cent at 1968 and decreased to slightly more than 10 per cent at 1980. It should be noted here that most of the residual power at 1968 comes from the third harmonic. Without this harmonic the residuals reduce to 13.1, 17.3 and 3.7 per cent for the BHLM, POGO and GSFC models, respectively.
The residual secular variation is due to the non-uniform changes of the field, such as localized changes of amplitude or separate movements of various field features. These changes correspond to a repartition of the power among the field coefficients that cannot be described by relations (13) and (23).
CONCLUSIONS
A method has been presented to determine non-longitudinal rotations of the individual harmonics of the geomagnetic field. Formal error analysis showed that most of the rotations are significant. The reliability of the parameters of significant rotations have been confirmed by close agreement between the results of two different methods applied to the same field model, and also between the results of the present method applied to the comparable field models.
Large differences between drift parameters obtained for harmonics of different degrees indicate that the rotation is strongly non-uniform with respect to the degree n. However, the significant poles of rotation tend to group near the plane of the 20°E-200"E meridians; this may indicate an important asymmetry of the geomagnetic dynamo. The absolute values of all but one significant drift rates for the lower-degree (n I 9) harmonics are smaller than 0.30"yr-'. This may serve as a constraint on the processes within the core.
The non-longitudinal drift is most pronounced for the second and the fourth harmonics at both epochs and for the third harmonic at 1980. The corresponding poles of rotation are far from the geographical pole, indicating strongly non-longitudinal rotations. The rotations have a dominating westward component.
All remaining harmonics, except for the 10th and 13th, also show non-longitudinal rotation. It has a westward component for all but the highest-degree harmonics of the POGO model at 1968. These harmonics show mostly eastward rotations exceeding 1.4" yr-' and their amplitudes change rapidly. It is suggested here that these effects, as well as large changes in the secular variation of the lower-degree harmonics between 1968 and 1980, are due to the jerk in secular variation that occurred in late 1960s and early 1970s. The slowing of the westerly movement of lower harmonics and rapid easterly movement of the highest ones suggest that the jerk had a strong easterly component. Geometrically, the jerk could be visualized as an anticlockwise rotational impulse about a pole lying south of western Europe.
In conclusion, the present results show that the non-longitudinal rotations of the individual harmonics are the dominating feature of the recent secular variation of the geomagnetic field. Non-uniformities of this phenomenon indicate corresponding non-uniformities of the Earth's magnetic dynamo.
